Arenaviruses are important pathogens that can cause hemorrhagic fever or meningoencephalitis. There is not an effective treatment targeting arenaviruses, which necessitates a search for therapies against this virus family, as well as others. Silver nanoparticles (Ag-NPs) have been shown to have effective antiviral activity in cell culture models against arenaviruses, and therefore it was hypothesized that they may make an effective therapeutic against viral meningitis. However, the silver nanoparticles interfered with normal cytokine profiles produced in response to the virus infection, which led to exacerbated pathology.
Introduction
The Arenaviridae family of 18 species of viruses is divided into New World and Old World clades [1] . These viruses have an ambisense RNA genome with two structural segments, the S segment and the L segment, each encoding viral proteins [1] . The New World, or Tacaribe Serocomplex, clade consists of Tacaribe Virus (TCRV), as well as the hemorrhagic fever viruses Junin and Machupo [1, 2] . At an amino acid level TCRV is a 67-78% match to the highly pathogenic Junin in the 4 main viral proteins (NP, GPC, L, and Z) [3] . TCRV is unique from other arenaviruses in that it fails to suppress host type I and II interferon (IFN), and consequently, does not cause viral hemorrhagic fever in humans making it safe for study at the biosafety level 2 (BSL-2) [4, 5] . TCRV is also unusual compared to other members of Arenaviridae as it has been isolated in bats as opposed to the strict use of rodent hosts in the other arenaviruses in its clade, however it can be mouse-adapted quite easily for use in rodent models [6] . In BALB/c mice of all ages inoculated intra-cranially (IC), following serial passage, TCRV can manifest clinical symptoms (ruffled fur, hind limb paralysis, lethargy) in 9 to 11 days followed by death 1 to 3 days after symptoms manifest [7, 8] . Newborn BALB/c mice and immunocompromised mice lacking IFN-α/β and IFN-γ receptors inoculated intra-peritoneally (IP) also showed the same clinical symptoms followed by death in the same time-frame [9, 10] . Mouseadaptation of TCRV causes mortality by lethal meningoencephalitis, or lesions in both the meninges and brain tissue caused by inflammation, via over-activation of the cellular immune response, which is more similar to the pathology observed with the Old World human arenavirus, Lymphocytic Choriomeningitis Virus (LCMV) [7] [8] [9] [10] [11] .
There are a lack of therapies and preventative measures to combat hemorrhagic fever and meningitis infections caused by arenaviruses [12] . An effective treatment to arenavirus infection would require the combination of an agent that will limit both virus replication and the proinflammatory cellular response, which contributes to the swelling observed in viral meningoencephalitis [13] .
Nanomaterials have been shown to have numerous physical, biological, and pharmaceutical properties, including antiviral [14] . Silver nanoparticles (Ag-NPs) in the 10 to 20 nm size range, have been shown to prevent viral replication of Human Immunodeficiency Virus type 1 [15] , Monkeypox virus [16] , adenovirus serotype 3 [17] , and TCRV using cell culture models [18] . It is hypothesized that the Ag-NPs inhibit viral infection by binding to the viral glycoproteins to prevent association of the virion with the host cell receptor, or as in the case of TCRV, to stimulate the uptake of an inert virus particle [15] [16] [17] [18] . TCRV was shown to associate with the Ag-NPs, but instead of blocking binding, as observed with most viruses, the association of Ag-NPs and TCRV increased the binding efficiency and uptake of the virions into Vero cells, but the virus did not replicate once it was internalized, thus demonstrating virus inactivation [18] . It was therefore hypothesized that similar inhibitory effects could be demonstrated using mouseadapted TCRV with Ag-NP treatment in Balb/c mice. Juvenile mice were inoculated IC with TCRV treated with Ag-NPs, and the resulting morbidity and mortality of the virus was observed in Ag-NP and mock-treated infections.
Materials and Methods

Mouse adaptation of TCRV
All procedures were performed under an approved protocol by the Tarleton State University Institutional Animal Care and Usage Committee to ensure laboratory animal health and safety. The virus was mouse adapted following three serial IC passages in 7 week old ICR (CD-1) mice (Harlan Laboratories, Indianapolis, IN) to increase virulence using a modified protocol [8] . Briefly, thirty microliters of TCRV (VR-1556; ATCC, Manassas, VA) was given IC to 3 mice. Mice were observed daily and were sacrificed via lethal injection of sodium pentobarbital (150 µL IP) when mice demonstrated clinical symptoms of severe inactivity or inappetence, or had lost more than 25% of their initial body weight, which occurred in two of the three mice at day 6 post-infection. Those two mice were sacrificed and the brain tissues were harvested and homogenized in 1 ml of TNE buffer (0.01 M Tris-HCl, 0.15 M NaCl, 1 mM EDTA, buffered at pH 7.4). The homogenized brains from the 2 mice showing signs of illness were combined in equal 100 μL proportions to create a total volume of 200 μL of homogenate which was combined with 200 μL of Fetal Bovine Serum (FBS; Atlanta Biologicals, Norcross, GA) and 600 μL of TNE to create serial passage 1 (TCRVp1). This process was repeated with two additional serial passages into the brain to generate a stock that was lethal to 100% of mice (TCRVp3), which was determined using a viral plaque assay to be 6.5 x 10 5 plaque forming units (pfu)/mL. This inoculum was stored at -80°C until further experimentation.
Viral attenuation with Ag-NPs
Biopure silver nanospheres at a diameter of 10 ± 2 nm were obtained from nanoComposix Inc (San Diego, CA). The nanoparticles were synthesized with a 0.01% polyvinylpyrrolidone (PVP) coating to increase biological stability and decrease toxicity [19] . PVP coating is used to keep the nanoparticles from agglomeration during manufacture and reduces cytotoxic effects in vitro [19, 20] . The ability of Ag-NPs to neutralize TCRV was performed in a similar experimental design as an in vitro neutralization assay in Vero cells [18] . The lethal dose at 50% (LD 50 ) for the virus via IC inoculation was determined to be 280 pfu/mL, therefore a 1000-fold dilution of TCRVp3 (650 pfu/mL) was used to assess Ag-NP neutralization. This concentration of TCRV was incubated with 50 μg/mL of Ag-NP, 25 μL of 0.01% PVP, which reflected the amount of PVP in the Ag-NP sample at 50 μg/mL, or 25 μL TNE. These viral suspensions were then incubated at room temperature in a rotating mixer for 1 hour to allow for interaction. The dosage of 50 μg/mL nanoparticle was used as it had been determined to have a completely inhibitory effect on Tacaribe virus in Vero cells [18] .
These attenuated preparations were then given at 30 μL IC to groups of ICR mice (n=4) at 7 weeks old. Morbidity and mortality between the Ag-NP and control groups were recorded for comparison. In addition, brain tissue was excised post mortem for RNA extraction and histopathological examination. One mouse per group's brain was preserved in 4% paraformaldehyde and sent for histological processing and slide preparation with hematoxylin and eosin staining. The remaining mice brains were homogenized in 1 mL TNE each and 50μL of homogenate was used for mRNA extraction.
Messenger RNA Extraction
RNA was extracted from the mouse brains using 50 μL of brain homogenate and the GET Total RNA kit, with optional DNase treatment, from G-biosciences (St. Louis, MO) as per the manufacturer's instructions. The mRNA was quantified using the Quant-iT Ribogreen RNA assay kit (ThermoFisher Scientific, Waltham, MA) in a BioTek Flx800 multiwell fluorimeter (Winooski, VT). All RNA samples were normalized to 500 nanograms (ng) of RNA.
Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)
One microliter of each RNA sample was added to 2.5 μL of Sybr green, 1 μL DNase/RNase-free water, and 0.5 μL of reverse transcriptase from the qScript One-Step SYBR Green qRT-PCR kit (Quanta Biosciences, Beverly, MA) and 0.5 μL of primer mix (0.2 μM of each primer). Each RNA sample was prepared in triplicate with each primer set listed in Table 1 and loaded into a 384-well PCR plate for analysis in the Roche 480 Light Cycler (Basel, Switzerland) to determine the threshold cycle of each sample. An initial 10 minute incubation at 50°C allowed for the conversion of the RNA to complementary DNA using reverse transcriptase, which was then followed by the following cycles for DNA amplification: 1 minute denature at 95°C; 45 cycles of 10 seconds at 95°C, 30 seconds at 60°C with a quantification fluorescence read, and 30 seconds at 72°C; followed by a melt curve of 10 seconds at 95°C, 30 seconds at 40°C with continuous fluorescence readings to 95°C; and a final cool down to 40°C. The threshold cycles were used to determine the fold change using the delta-delta CT method [21] . 
Histology
Formalin-fixed brains were shipped to Tarleton State University Department of Medical Laboratory Sciences (Fort Worth, TX) for histological processing and slide preparation. The slides were stained with hematoxylin and eosin for viewing of histopathology. The slides were viewed on a Zeiss Jenalumar Contrast Microscope (Oberkochen, Germany) and imaged using a WESCO 291CU digital camera (Pittsburgh, PA).
Statistical analysis
All qRT-PCR analyses were compared between control and treatment groups using a one-way Analysis of Variance (ANOVA) with significance determination at p< 0.05. Histopathic effect was reported by visual observation.
Results
Ag-NP neutralization of TCRV
Although mice that received an inoculation of Ag-NP-treated TCRV lived longer than mice that received a mock attenuation of TCRV (12 days versus 6 days), only one of the Ag-NP treated mice survived the exposure Table 2 . This compared to 0 mice in the mocktreatment (TNE) or PVP treatment Table 2 .
Attenuation Treatment Number of mice that survived (n=4)
TNE+TCRV 0 PVP+TCRV 0 Ag-NP+TCRV 1 Table 2 : Survivability assessment of TCRV-infected mice following attenuation treatments (n=4).
TCRV replication following Ag-NP attenuation
Replication of TCRV was compared using qRT-PCR analysis with primers specific for the S segment of the virus Table 1 . A significant reduction of S segment RNA replication was observed when the TCRV was pre-incubated with Ag-NPs as compared with incubation with either TNE or PVP, which indicated that the Ag-NPs were capable of inhibiting virus replication Figure 1 . Although there was a reduction in TCRV replication in the Ag-NP-treated TCRV infections, there were no significant changes in pfu/ml from the brains of mice infected with TCRV that were treated with TNE, PVP, or Ag-NP. All three treatment groups produced an average of approximately 70 pfu/ml of brain homogenate (data not shown). This suggests that the Ag-NPs themselves may be inducing cytotoxicity in the cell culture used for the plaque assays. 
Histopathological examination of TCRV-infected mice
Representative images of the brains of uninfected mice or TCRVinfected mice following pre-incubation of the virus with either TNE or Ag-NP depicted noticeable histopathological changes compared to the control mice (no virus infection) Figures 2 and 3 . Serial frontal sections of brain specimens were examined microscopically. Anterior transections including regions of the thalamus and cerebral cortex were examined as well as the meningeal layer surrounding the brain. There were no observable changes in the meninges of any treatment group from the control (data not shown). However, there was a noticeable breakdown in the architecture of the thalamus of the TNE/ TCRV-infected mice Figures 2A and 2B and cytopathic effect observed in the cerebral cortex of these mice Figure 2E . The thalamus remained intact for the mice treated with Ag-NP/TCRV Figure 2C , but large vacuoles formed in the cerebral cortex Figure 2F 
Immune responses in the brains of TCRV-infected mice
Since there was a reduction in TCRV replication following Ag-NP treatment, but an increase in observable histopathology, it was hypothesized that the immune system was contributing to the pathology. Type I interferon (IFN) responses were assessed since they have been shown to contribute greatly to the recovery from arenavirus infections. A slight decline in IFN beta and a significant reduction in IFN alpha were observed following Ag-NP treatment Figure 4 , which should have led to an increase in virus replication, not a decrease, suggesting further that the Ag-NPs themselves might be contributing to the pathology and mortality observed, by suppressing immune function. It was also hypothesized that the Ag-NPs were stimulating an inflammatory response, which would cause swelling of the brain, and thereby significant morbidity and mortality. Therefore the gene expression changes were assessed for the pro-inflammatory cytokines interleukin-1 beta (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor alpha (TNF-α). There were no differences observed in the expression of IL-1β or TNF-α with any of the treatment groups compared to control, and the IL-6 TCRV infection with Ag-NP treatment actually had a reduction in expression Figure 5 . These data indicate that there was no induction of inflammation contributing to the pathology of the mice brains, and that the Ag-NPs may suppress immune response in infected animals. 
Discussion
Attenuation with silver nanoparticles did impact the amount of innate immune response by the host Figures 4 and 5 , which likely contributed to the observed pathology since there was also a reduction in TCRV S segment expression, following pre-incubation with Ag-NPs, compared to controls Figure 1 . The inactivation of the virus was not sufficient to prevent death in the majority of the mice tested Table 1 , which leads one to hypothesize that the Ag-NPs may be causing cell death of the neurons in addition to the virus through a direct or indirect (inflammation) mechanism. An in vitro cell culture model did not demonstrate any discernable cell death from the virus-nanoparticle agglomerate [18] , but the cells used for this study were kidney cells, which tend to be more stable than neurons [18, 20] . Also, the in vitro study utilized Ag-NPs that were uncoated or polysaccharide-coated, and the Biopure PVP coating may have interfered with the TCRV interaction with silver. The first attempt in vivo was using the uncoated 10 nm Ag-NPs from the same manufacturer as the cell culture trials, but there was no decline in mortality and a great deal of inflammation was observed (data not shown). Therefore a more biocompatible polymer coating was selected for the Ag-NPs for the in vivo study, to decrease side-effects from the nanoparticle. These PVP-coated Ag-NPs do exhibit some mild in vivo toxicity and inflammation [25] , but did not cause mortality alone in an open system [25] . However, the sensitivity of neurons to external stimuli and the enclosed nature of the mouse brain may have exacerbated the toxicity of the nanoparticles. Mouse neuroblastoma cells have been shown to be much more sensitive to nanoparticle toxicity than African Green Monkey kidney cells (Vero cells) using cell culture toxicity assays [18, 20] . In previous studies of TCRV, it was demonstrated that the Purkinje cells of the cerebellum appear to be the major targets of the virus, which may be more vulnerable to increases in inflammation and decreases in the anti-viral protection of the interferons [8] . The histology obtained from this study showed most histological changes around the regions of the thalamus and the cerebellum, confirming this target area for the virus. Since more histopathological effects occurred in the nanoparticletreated virus infection, it is possible that the virus is targeting the Purkinje cells allowing for increased uptake of the Ag-NPs, which in turn are causing cytotoxicity. This study illustrates the potential conflict in the results between an in vitro study, where the virus was completely inactivated, and an in vivo study, where there is still mortality from the virus infection, although it is hypothesized that the Ag-NPs are causing the mortality. Cell culture models lack the diversity of cell populations and complexity of living organisms, and therefore can be misleading at times. Neurons are generally not utilized in vitro for virus studies due to their known instability against external stimuli [19] . Either the replication-deficient virions, the Ag-NPs, or both, are capable of destroying these sensitive cells in an in vivo model of infection. Since Xiang et al. demonstrated efficacy of Ag-NPs in vivo against influenza virus [26] , there still is the possibility of using Ag-NPs as a broadspectrum antiviral agent, but anatomical location of treatment may need to be considered prior to use, especially in more sensitive areas like the brain.
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